pollution problems (MacDonald et al., 2011) . Accordingly, it is essential to breed inbred lines and hybrids with tolerance to low levels of P. Under P starvation stress, plant growth and development are severely limited because of low P concentrations, low utilization efficiency, or low soil fertility. However, plants have developed diverse adaptive strategies, including morphological and physiological modifications (Desnos, 2008; Lin et al., 2009; Péret et al., 2011) . For example, it has been found that alterations in root system architecture, including enhanced lateral root formation and growth and increased root hair production and elongation, could improve nutrient uptake efficiency in terms of absorbing soil P (Desnos, 2008; Lambers et al., 2006; Péret et al., 2011; Shane and Lambers, 2005) . Such modifications could also enhance P uptake by releasing exudates from roots, which would increase the concentration of available P in soil (Lambers et al., 2006) . Several studies have identified various low-P tolerant and sensitive maize genotypes at the seedling or adult plant stages (Gilkes et al., 2010; Zhang et al., 2014b) . This variability can provide useful genetic resources that could be mined for the development of high-yielding maize varieties.
Many quantitative trait loci (QTL) and genes associated with low-P stress responses have been identified via linkage mapping, diverse biological approaches, and transcriptomics (Bari et al., 2006; Chen et al., 2008 Chen et al., , 2009a Duan et al., 2008; Li et al., 2010 Li et al., , 2011 López-Bucio et al., 2005; Su et al., 2014; Ticconi et al., 2009; Wang et al., 2009 Wang et al., , 2012 Zhang et al., 2014a Zhang et al., , 2014b Zhu et al., 2005a Zhu et al., , 2005b . Genes with basic helix-loop-helix DNA binding domains can enhance root development and enhance biomass accumulation and may significantly increase P content and root hair formation (Chen et al., 2007; . Genes containing a Myb DNA binding domain may play a role in altering root system architecture and increasing the expression of P-related genes in an attempt to adapt to P starvation (Baek et al., 2013; Dai et al., 2012; Devaiah et al., 2009; Rubio et al., 2001) . Furthermore, genes characterized by an N-terminal SYG1-PHO81-XPR1 domain can enhance the expression of P-related genes and alter P allocation in plants, whereas the expression of genes containing a C-terminal ERD1-XPR1-SYG1 domain and an N-terminal SYG1-PHO81-XPR1 domain have been reported to be associated with marked reductions in growth and P transport from the root to shoot (Duan et al., 2008; Liu et al., 2016; Stefanovic et al., 2007; Zhong et al., 2018) . It has also been shown that genes containing a WRKY DNA binding domain can increase anthocyanin accumulation and decrease the expression of P-related genes, thus resulting in a modification of root system architecture (Chen et al., 2009b; Devaiah et al., 2007) , whereas genes harboring a WD40-repeat domain may suppress P transport and reduce P accumulation or may promote the production of larger numbers of root hairs and a higher accumulation of anthocyanin (Chen et al., 2008; Gonzalez et al., 2005) . Moreover, genes containing an F-box domain, including those encoding glycosyl transferase, phosphate transporters, phosphatide phosphohydrolase, and substrate transporters, may influence the response to low-P stress in maize (Baldwin et al., 2008; Kelly et al., 2003; Nakamura et al., 2009; Pérez-Torres et al., 2008; Versaw and Harrison, 2002; Yu et al., 2002) . In addition, noncoding RNA (e.g., miRNA 399) has also been reported to influence related gene expression under low-P stress (Du et al., 2018; Fujii et al., 2005; Nie et al., 2016) . In maize, however, only ZmPTF1 has been functionally characterized with respect to low-P stress responses via an increase in root biomass and production .
In the present study, we sought to identify candidate genes associated with the response to low-P stress in a maize association panel examined under two contrasting P supplement treatments. To this end, we performed a genome-wide association study, an approach that has been widely used to detect candidate genes for complex agricultural traits in plants (Li et al., 2013; Liu and Yan, 2018; Wen et al., 2014; Yang et al., 2014) . The expression of candidate genes was then validated with respect to their differential gene expression profiles. Natural variations and haplotypes within the candidate genes associated with low-P stress were further identified for development of marker-assisted selection strategies.
MATERIALS AND METHODS

Plant Materials and Phenotyping
An association mapping panel containing 356 diverse inbred lines of maize (2, 168, and 186 from the USA, China, and CIMMYT, respectively) was used in this study. These inbred lines of maize were classified into four subpopulations, namely, non-stiff stalk, stiff stalk, tropical/subtropical group (TST), and the mixed group (Yang et al., 2014) . The experiments were performed at Sichuan Agricultural University, Ya'an, Sichuan, China, in June 2012 and were repeated in September 2016. All inbred lines were grown in a greenhouse according to a randomized complete block design, and two treatments were conducted in three-leafstage seedlings under P-sufficient (normal nutrient solution containing 1 mmol L -1 NH 4 H 2 PO 4 ) or P-deficient (normal nutrient solution without NH 4 H 2 PO 4 ) conditions (Zhang et al., 2014b) , each with two replications. Seeds were grown in pots (0.3 m in diameter and 0.28 m in height) filled with river sand and watered with a modified normal nutrient solution as described by Hoagland and Arnon (1950) , and each replication consisted of five plants per pot.
In both treatment groups, phenotyping was performed on seedlings bearing approximately seven leaves. At this stage, the leaves of most plants were characterized by the extent of the purple coloration typical of P deficiency. Isolated whole root systems from these plants were placed on a tray with no overlapping of any roots. Root traits, including total root length (TRL), total root surface area, total root volume (TRV), total number of root tips (TRT), root forks (RF), and root diameter, were measured with a WinRhizo Pro 2008a image analysis system (Regent Instruments Inc., Quebec, QC, Canada) coupled with an Epson XL 1000 scanner (Seiko Epson Corporation, Nagano, Japan). In addition, plant height, longest root length, root dry weight (RDW), shoot dry weight (SDW), total dry weight (TDW), and the number of visible leaves were measured (Supplemental Table S1 ), and then the root-to-shoot ratio (RSR) was calculated. Detailed information on the measurement of root characteristics has been reported previously by Zhang et al. (2014b) . In addition, calculations of trait ratios under treatment and control conditions, as well as some other similar methods, have previously been performed to eliminate the background effects of materials per se (Liu et al., 2015; Xu, 2010) . In the present study, the trait ratios calculated under P-deficient and P-sufficient conditions and the best linear unbiased prediction for each trait in a single year or 2 yr combined were used for the genome-wide association study. Best linear unbiased prediction calculations were performed using the package "lme4" in R (https:// www.R-project.org/, accessed 26 Sept. 2019).
Broad-sense heritability, defined as V G ÷ (V G + V E ), where V G and V E are the genotypic and environmental variances, respectively, was also calculated in the 'lme4' package in R. The phenotypic variation explained (PVE, in %) was calculated via the formula R 2 = SS interval ÷ SS total , where SS interval and SS total are the sums of the square of the deviation from the mean in groups and all materials, respectively. Descriptive statistics, ANOVA, and Pearson's correlation coefficients were calculated using SPSS version 24.0 (SPSS Inc., Chicago, IL). Gene ontology analysis was conducted in agriGO (Du et al., 2010) . All figures were drawn with R and related packages.
Genotyping and Genome-Wide Association Mapping
In a previous study, an association panel comprising 513 inbred lines of maize was genotyped via the MaizeSNP50 BeadChip containing 56,110 SNPs (Illumina, San Diego, CA). RNA sequencing was performed for 368 inbred lines of maize via the 90-bp paired-end Illumina method. After imputation, 556,809 high-quality SNPs combined by the SNP array and RNA sequencing were used as a genotypic dataset Li et al., 2013; Yang et al., 2014) . In the present study, we used an association panel comprising 356 of the 513 inbred lines of maize and selected 541,575 informative SNPs, with a minor allele frequency (MAF) of ³5% and a missing rate of <25% for further analysis. Heterozygous SNPs were considered to be missing data.
In total, 12,000 high-quality SNPs were randomly selected to estimate the population structure matrix (Q) in Structure version 2.3.4 software (Hubisz et al., 2010) . All informative SNPs were used to calculate the kinship matrix (K) in the R package Genome Association and Prediction Integrated Tool (Lipka et al., 2012) . Genomewide association mapping for 13 traits was performed with TASSEL version 5.0 software (Bradbury et al., 2008) in 356 elite inbred lines of maize. Two models were used to correct false associations: the general linear model (GLM), which used Q to correct for population stratification, and the mixed linear model (MLM), for which Q + K was used to correct for population structure and relative kinship. Additionally, a Bonferroni-corrected threshold (set at p = n -1 , where n is the number of examined single trait-SNP combinations) was used to identify significant associations and to reduce the false discovery rate. Quantile-quantile plots and Manhattan plots were generated by the MVP package in R (https://github.com/XiaoleiLiuBio/MVP, accessed 26 Sept. 2019) to display the SNP-trait associations. Genes harboring SNPs or with closely located intergenic SNPs (±5 kb) in the maize reference genome B73 (AGPV2, MaizeGDB, http://www.maizegdb.org/, accessed 26 Sept. 2019) were considered as candidate genes.
Natural Variations in Candidate Genes and Haplotype Analysis Significant SNPs and the associated genes were selected for linkage disequilibrium and haplotype analysis with Haploview version 4.2 (Barrett et al., 2005) . A plot was generated against the r 2 that represented the statistical correlation between two SNPs. Haplotype analysis was conducted with SNPs located within a linkage disequilibrium block and that were significantly associated with the examined traits, with MAF ³ 5% for the tested population, with the aim of developing valuable markers for molecular marker-assisted breeding. The haplotypic effects were evaluated in R via ANOVA.
Validation of Candidate Genes via Differential Gene Expression Profiling
In our previous study, we performed differential gene expression profiling to validate maize candidate genes that were responsive to low-P stress at the gene expression level (Su et al., 2014) . The roots of maize line P178, identified as a low-P tolerant genotype, were used to perform differential gene expression profiling at the four-leaf stage in a hydroponic experiment comparing 1 mmol L -1 P (sufficient) and 1 μmol L -1 P (deficient) nutrition solution conditions for 0, 6, 24, and 72 h (Su et al., 2014; Zhang et al., 2014b) . Accordingly, more than 6000 differentially expressed genes were reported to be involved in low-P stress. In the present study, we used previously published differential gene expression profiling data (Su et al., 2014) to evaluate the expression levels of the associated candidate genes, with differentially expressed genes being defined at a stringent threshold of a false discovery rate of £0.01 and a log 2 fold change of ³1 in at least one sample.
RESULTS
Phenotypic Variation of 13 Low-P-Related Traits
Thirteen low-P tolerance-related traits were investigated in an association mapping panel containing 356 inbred lines of maize grown under two contrasting P availability conditions. We observed highly significant phenotypic differences between the two treatments (p < 0.01) for all investigated traits, with the exception of longest root length, which showed general significance (p < 0.05). The coefficient of variation (CV) varied from 4.82 to 15.95% and from 5.35 to 15.75% under P-sufficient and P-deficient conditions, respectively. The variation in all traits under P-sufficient conditions significantly correlated with that of the corresponding traits under P-deficient conditions, with the Pearson correlation coefficient ranging from 0.56 to 0.81. Trait ratios between P-deficient and P-sufficient conditions ranged from 0.51 (shoot dry weight: SDW) to 1.58 (RSR), with 12 values being lower than 1.00. Broad-sense heritability ranged from moderate (0.59) to high (0.90) (Table 1 ). These results indicated that the responses to low-P stress varied considerably among inbred lines of maize and that their growth was constrained under the P-deficient condition, with shoots being more significantly inhibited than roots. Consequently, six and seven lines were screened as low-P sensitive and tolerant lines, respectively (Supplemental Table S2 ) on the basis of the trait ratios, which showed abundant phenotypic variation, with CV values ranging from 3.45 to 9.89% (Table 2) .
Phenotypic Variation Among Subpopulations or Groups
Based on the Q matrix analysis, 356 maize lines were clustered into four subpopulations, namely non-stiff stalk, stiff stalk, TST, and mixed (Supplemental Table S3 ). The stiff ** Significant at the 0.01 probability level. † A full description of the traits is given in Supplemental Table S1 . ‡ The ratio of traits under P-sufficient and P-deficient conditions. § LRL, longest root length; TRL, total root length; TRSA, total root surface area; TRT, total number of root tips; TRV, total root volume; RD, root diameter; RF, root forks; RDW, root dry weight; RSR, root-to-shoot ratio; SDW, shoot dry weight; TDW, total dry weight; NVL, number of visible leaves; PH, plant height. stalk subpopulation was represented by only seven panel samples, which might be too small to be representative or for statistical subpopulation comparisons. In a previous study, the same association panel was divided into two major groups, temperate and TST, according to their origin and pedigree information ( Supplemental Table S3 ) Yang et al., 2011) . Most traits in the TST group were found to have significantly greater values than those in the temperate group, whereas plant height, RF, and RSR showed no significant differences under P-sufficient conditions. The same tendency was observed when the temperate and TST groups were compared under P-deficient conditions. Furthermore, we detected no significant differences for 10 of the 13 trait ratios (deficient/ sufficient) between the temperate and TST groups (Fig. 1 ).
Genome-Wide Association Study for 13 Traits with the GLM + Q and MLM Models
Overall, we identified 551 SNPs across 647 genes, 1140 SNPs across 1325 genes, and 1157 SNPs across 1238 genes for traits evaluated in 2012, 2016, and both years combined, respectively, via the GLM + Q and MLM models with a Bonferronicorrected threshold of -log 10 (p) > 5.73 ( Supplemental Table  S4 ; Supplemental Fig. S1 ). On average, the -log 10 (p)-value and PVE among the examined trait-SNP associations were 6.37 and 6.82%, respectively ( Supplemental Table S4 ).
Manhattan and quantile-quantile plots based on the p-values for TRT were selected as representative examples and are shown in Fig. 2 and Supplemental Fig. S2 . A total of 2694 genes were associated with the 13 examined traits and trait ratios under P-sufficient and P-deficient conditions. Among these, 170 genes were commonly identified between the 2012 and the combined-year data, 324 genes were commonly identified between the 2016 and the combined-year data, and 45 genes were commonly identified between the 2012 and 2016 data; 23 genes were commonly identified among the data for 2012, 2016, and both years combined (Supplemental Fig. S1 ).
Screening Low-P Stress-Related Candidate Genes
Twenty-seven SNPs were identified under P-sufficient conditions via both GLM + Q and MLM models, with 49 candidate genes being detected by both models for 10 of the 13 traits. Under P-deficient conditions, 31 SNPs were identified in both the GLM + Q and MLM models, with 46 candidate genes being shared ( Supplemental Table S5 ). In addition, 32 SNPs were identified for trait ratios by the two models, in which 47 candidate genes were shared between the two models for 9 of the 13 traits (Table 3) .
Furthermore, we found that many of the identified associated genes tended to have pleiotropic effects ( Supplemental Table S4 ). For example, candidate gene Fig. 1 . Phenotypic difference between the temperate (TEM) and tropical and subtropical (TST) groups with respect to 13 traits. Ratio: the ratio of traits under P-sufficient and P-deficient conditions. All phenotypic data under P-sufficient and P-deficient conditions were converted to the same level (within a range of 0 to 1) for plotting in the same diagram. The converted value was the ratio of the actual value to the maximum value of the trait under one condition, which would not change the direction of numerical size or affect significance test. ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
GRMZM2G092327 was significantly associated with root diameter and TRV under P-deficient conditions, with RDW and SDW under P-sufficient conditions, and with TDW under both conditions, according to the combined data in the GLM + Q model. Similarly, the candidate gene GRMZM2G173967 was significantly associated with RDW, TRV, TDW, and TRL under the P-deficient condition, and with RF and total root surface area under both conditions in 2012 and 2016, whereas the candidate gene GRMZM2G037378 was significantly associated with SDW, TDW, and RDW under P-sufficient conditions, and with root diameter and TRV under both conditions, in the combined-year data. These genes may participate in different metabolic pathways and eventually affect several or more related traits and are therefore worthy of further attention. Gene ontology analysis indicated that 147 significant gene ontology terms were detected (false discovery rate < 0.05) and that 596 and 337 genes were involved in the response to stress and abiotic stimuli, respectively (Supplemental Fig. S3 ).
Different Expression Levels of Candidate Genes in Response to Low-P Stress
A total of 297 associated genes identified by the genomewide association study showed differential expression with respect to low-P stress (Fig. 3A ). Among these, 178, 201, and 130 genes were defined as differentially expressed genes compared with the controls at 6 vs. 0 h, 24 vs. 0 h, and 72 vs. 0 h under the P-deficient conditions, respectively, with 61 of the genes showing differential expression at all three stages. More than half of the differentially expressed genes showed increased expression levels in the roots of the P178 inbred line at the early stage (6 h) of P starvation stress and were constantly upregulated as the exposure to stress extended to 24 h. However, after being exposed to low-P stress for 72 h, the expression levels of most of the differentially expressed genes had returned to normal or even showed a decrease. These results indicated a gradual response to P-starvation in maize roots at the seedling stage with increasing exposure time, which is consistent with the findings of a previous study (Su et al., 2014) . In addition, we found that 23 candidate genes with pleiotropic effects showed different expression levels at least at one of the three stages (Fig. 3B ).
Identification of Favorable Haplotypes for Molecular Breeding of Maize
To determine the effects of gene polymorphisms on root traits under low-P stress, we analyzed various haplotypes across significant SNPs of the candidate gene GRMZM2G009544. Among the 19 variants (MAF ³ 5%), we identified 12 SNPs at a strong linkage disequilibrium level that were significantly associated with TRT under P-sufficient and P-deficient conditions, as well as five major haplotypes (Hap1-Hap5) with an MAF ³ 5% ( Supplemental Table S6 ). Under P-sufficient conditions, we did not detect significant difference among four of the haplotypes (Hap1-Hap4), which had average TRT values of 918.27, 949.77, 910.32, and 913.03, respectively. Interestingly, Hap5 had the largest average TRT value (1141.06) among the five major haplotypes and was significantly different from the other four haplotypes (P < 0.001). Similarly, under P-deficient conditions, four haplotypes (Hap1-Hap4) showed no significant variation, with average TRT values of 741.48, 774.15, 763.47, and 761.27, respectively. However, Hap5 was significantly different from the other four haplotypes (P < 0.001), with an average TRT value of 912.09, which could explain 15.76 and 10.34% of the phenotypic variation of TRT under P-sufficient and P-deficient conditions (Fig. 4D,E) . However, the highest PVE values for single SNPs related to TRT were 11.16 and Table 3 . Genome-wide association study for 13 traits using two models: the general linear model with the Q structure (GLM+Q) and the mixed linear model with Q structure and kinship (MLM).
Condition
Trait 7.01 5.80-9.60 3 6.08 5.78-6.5 8.44 6.01-11.53 3 3 † Significance (Sig.) indicates the total number of significant single nucleotide polymorphisms (SNPs) detected at the threshold of -log 10 (n -1 ) = 5.73; n = 541,575. ‡ The explained phenotypic variation revealed by ANOVA with total significant SNPs detected using the two models. § The number of significant SNPs and candidate genes detected by both models. ¶ LRL, longest root length; TRL, total root length; TRSA, total root surface area; TRT, total number of root tips; TRV, total root volume; RD, root diameter; RF, root forks; RDW, root dry weight; RSR, root-to-shoot ratio; SDW, shoot dry weight; TDW, total dry weight; NVL, number of visible leaves; PH, plant height. 7.96% under the two conditions. Hap5 contained more favorable SNP alleles (12) than the other four haplotypes (no favorable alleles existed in Hap1, four in Hap2, eight in Hap3, and six in Hap4) (Fig. 4B,C) . Similar tendencies were also observed for TRL and RF under two conditions ( Fig. 4F-I) . Therefore, we propose that the haplotype with the largest number of favorable SNP alleles and the largest PVE value could make a potentially useful contribution to the development of valuable genetic markers for use in marker-assisted breeding programs for target traits.
DISCUSSION
Key Candidate Genes for Low-P Stress Tolerance in Maize
To confirm the reliability of the association mapping, we compared the candidate genes identified in the present study with previously reported QTLs and responsive genes detected under low-P stress and identified seven candidate genes in common (Zhang et al., 2014a) . Among four candidate genes (GRMZM2G466545, GRMZM2G024530, GRMZM2G398848, and GRMZM2G143204) identified on the basis of their differential expression, GRMZM2G466545, which is known as phosphate trans-porter2 and was associated with root diameter under P-deficient conditions in 2016, was found to overlap with cQTL4-1 (Zhang et al., 2014a) . Its homologous gene in Arabidopsis thaliana (L.) Heynh. can be induced by low-P stress and encodes a member of the SYG1-PHO81-XPR1 family of proteins that affect xylem P-loading and markedly reduce plant growth (Stefanovic et al., 2007) . The candidate gene GRMZM2G024530 for TRT, known as a transcription factor (ZMPtf1) with a basic helix-loophelix DNA binding domain, plays a role in enhancing root development and biomass accumulation in maize . GRMZM2G398848 was identified to be associated with trait ratio of the number of visible leaves; its homologous gene in A. thaliana, AtTIR1, contains an F-box domain and has been shown to be associated with a reduction in the number of lateral roots (Pérez-Torres et al., 2008) . In maize, it has been suggested that GRMZM2G398848 may encode a leucine-rich repeat family protein. The homologous gene of GRMZM2G143204 for root forks, AtWRKY75, has been defined as a WRKYtranscription factor involved in the enhancement of anthocyanin accumulation, reduction in the expression of P-responsive genes, and modification of root system architecture in A. thaliana (Devaiah et al., 2007) . The homologous gene of GRMZM2G100652 associated with RSR in A. thaliana is recognized as a glycosyl transferase, which can reduce plant growth under P treatment (Yu et al., 2002) . Two candidate genes (GRMZM2G117250 and GRMZM2G301738) were identified for the related root traits under the two treatment conditions; their homologous gene in rice (Oryza sativa L.) (OsPSTOL1) has been defined as a serine-threonine receptor-like kinase associated with the enhancement of early root growth and grain yield of rice grown in low-P soils (Gamuyao et al., 2012) . The SNP marker (chr2.S_235064658) was localized in the candidate gene GRMZM2G409771 and was significantly associated with root diameter under P-deficient conditions in the GLM + Q model in 2012 and 2016, and two-years combined. Its homologous gene in A. thaliana, At4G13420 (AtHAK5), acts as a high-affinity K + transporter (Table 4 ) and the homologs in rice and sorghum [Sorghum bicolor (L.) Moench.] are similarly associated with K transport. Enhanced K transporter activity would promote elevated K + absorption and energy release, which, in turn, would contribute to H + efflux and enhance proton pump (plasma membrane H + -ATPases) activity (Gajdanowicz et al., 2011) . A high H + content is considered beneficial for the uptake of poorly soluble P because of the close relationship between plasma membrane H + -ATPase and P absorption (Chang et al., 2009; Raghothama and Karthikeyan, 2005; Shen et al., 2006) . Accordingly, it can be inferred that the expression of GRMZM2G409771 would enhance P absorption via upregulated H + -ATPase activity and modified root morphology to produce roots with a larger diameter.
Under both treatment conditions, GRMZM2G009544 was found to be associated with TRT, RF, and TRL ( Supplemental Table S7 ), where two SNPs were located with an average phenotypic variation of 11.71% for TRT. Its homologous gene in A. thaliana (At1G14900) has been identified as a Group A high-mobility protein. In plants, Group A and Group B high-mobility proteins are members of the high-mobility group proteins that can modulate chromatin structure and function as architectural factors to regulate DNA-dependent processes (Bianchi and Agresti, 2005; Bustin and Reeves, 1996; Launholt et al., 2007; Thomas and Travers, 2001) . Consistent with the findings reported here, Group A high-mobility protein proteins in A. thaliana have been shown to be more highly expressed in lateral roots and root tips than in primary roots (Launholt et al., 2007) .
Another interesting finding is that GRMZM2G034043 was associated with TDW and SDW under P-sufficient and P-deficient conditions ( Supplemental Table S7 ). Its homologous gene in A. thaliana (At1G56440) encodes a tetratricopeptide repeat-like superfamily protein, which was responsible for the suppression of micronuclei formation and affected the activity and directionality of cell division in root meristems, thereby determining root radial structure and growth rate (Sotta et al., 2016) . The candidate gene identified in the present study may have the same function as AT1G56440, which can affect the root growth rate and has an indirect influence on SDW and TDW in maize, whereas the directly related trait (RDW) could show relatively less variations because of the shoot-to-root energy transfer.
The candidate gene GRMZM5G843555, associated with TDW, RDW, plant height, root diameter, and the trait ratio of SDW ( Supplemental Table S7 ), and GRMZM2G132162, which is associated with RDW, have been described as orphan genes in maize. It has been reported that orphan genes are often associated with environmental stress responses and respond to abiotic stress in rice and A. thaliana (Arendsee et al., 2014; Guo et al., 2007; Song et al., 2008) . GRMZM2G137839, which is associated with root forks, has been described as ascorbate peroxidase homolog3 in maize. Its homologous gene in A. thaliana (At1G07890) is strongly expressed in response to the presence of reactive oxygen species and controls endogenous plant processes and responses to abiotic stress (Miller and Mittler, 2007) . GRMZM2G012160, associated with TRT and RD, has been described as a cysteine proteinase inhibitor in maize. The overexpression of its homologous gene in A. thaliana (At3G12490) has been shown to enhance tolerance to abiotic stress ; thus, it was inferred that it plays an important role in the modification of root architecture as an adaptation to low-P and other abiotic stresses. Moreover, the homologous gene of GRMZM2G084462 for TDW and SDW in A. thaliana (At3G63110), encodes a cytokinin synthase involved in cytokinin biosynthesis and induces cambial activity while reducing secondary growth in both shoots and roots (Miyawaki et al., 2006) . GRMZM2G132185, associated with RDW and TDW, has been described as AP2-EREBPtranscription factor83 in maize. The expression of AP2 and EREBP, as key transcription factors of several developmental processes, is triggered in response to various types of biotic and environmental stress in plants (Riechmann and Meyerowitz, 1998) . In conclusion, the aforementioned 16 stress-responsive genes for root traits in maize are considered to represent potentially useful genetic resources for molecular breeding and, accordingly, should be subjected to further expression analyses and functional validation.
Nonpreferential Mining for Stress-Responsive Genes between P-sufficient and P-deficient Conditions
We identified 45 candidate genes that were highly expressed in response to low-P stress in 2012 and again in 2016. The candidate gene GRMZM2G409771 was identified as being related to the same trait under the same conditions in both years. Except for the number of visible Launholt et al., 2007 GRMZM2G024530 9 11,560,217 11,565,193 P starvation-induced transcription factor1 Improves root development and increase biomass accumulation in maize Li et al., 2011; Zhang et al., 2014a GRMZM2G034043 8 130,726,762 130,731,088 Tetratricopeptide repeat-like superfamily protein At1G56440.2; affect root radial structure and growth rates in A. thaliana Sotta et al., 2016 GRMZM2G398848 1 18,629,572 18,632,467 Containing a F-box domain AtTIR1; reduces or enhance lateral root number in A. thaliana Pérez-Torres et al., 2008; Zhang et al., 2014a GRMZM2G409771 2 235,063,085 235,066,817 High affinity K + transporter 5
At4G13420.1; assists the plasma membrane H + -ATPase in energizing the transmembrane phloem (re)loading processes in A. thaliana Gajdanowicz et al., 2011 GRMZM2G466545 4 171,917,079 171,922,792 With a C-terminal ERD1-XPR1-SYG1 domain and an N-terminal SYG1-PHO81-XPR1 domain, also known as cQTL4-2 associated with low phosphorus related genes or quantitative trait loci AtPHO1; improves the plant growth heavily and affect P transferring from root to shoot in A. thaliana Stefanovic et al., 2007; Zhang et al., 2014a GRMZM2G117250 1 199,338,454 199,340,988 Serine-threonine receptor-like kinase OsPSTOL1; enhances early root growth and grain yield in P deficient soil in rice Gamuyao et al., 2012; Zhang et al., 2014a GRMZM2G301738 2 202,642,948 202,645,418 leaves under P-deficient conditions, all phenotypic traits examined in the two study years were significantly correlated but with Pearson correlation coefficients of ~0.4, indicating a weak to moderate correlation ( Supplemental  Table S8 ), which may result in few genes expressed in both 2012 and 2016. In addition, the tested traits are complex quantitative traits that are probably controlled by multiple genes with minor effects and may also be affected to a considerable extent by environmental factors. Seven of the genes identified in the present study have also been detected in previous studies, five of which were identified under P-sufficient conditions; two more genes were also detected under P-deficient conditions. Only one of the candidate genes detected under P-sufficient conditions, ZmPTF1 (GRMZM2G024530), has previously been functionally characterized . These results indicated that there was no difference in the number of key responsive genes identified under the two treatment conditions. In conclusion, more greenhouse pot trials and nondiscriminatory screening of candidate genes under both P-sufficient and P-deficient conditions are necessary for mining genes for complex quantitative traits in response to low-P stress.
Haplotypes with the Most Favorable Alleles will be Useful in Marker-Assisted Breeding for Root Traits For the candidate gene GRMZM2G009544, Hap5, which harbors a large number of favorable SNPs, had a greater positive effect on TRT, RF, and TRL than the other examined haplotypes (Fig. 4) . These three traits are recognized as important root traits related to plant growth and development during the seedling stage and they were highly significantly correlated under both treatment conditions ( Supplemental Fig. S4 ). The results indicate that GRMZM2G009544 participates primarily in the regulation of root growth and development in maize at the seedling stage and may contribute to the absorption of phosphorus under low-P conditions. Two favorable SNPs located in the 5¢ untranslated region of candidate gene GRMZM2G009544 on chromosome 1 may be involved in gene expression and regulation. The favorable SNP alleles and haplotypes will be useful for designing marker-assisted selection strategies; however, confirmation of their biological functions through transformation experiments will still be required. Supplemental Table S1 . Abbreviations and investigation criteria for the examined traits. Supplemental Table S2 . Maize inbred lines showing extreme sensitivity or tolerance to low-P stress. (A) Frequency of inbred lines occurring in the extreme minimum group, including 10% of the materials in the tail of the trait ratio values ranked by descending order out of all 13 examined traits. (B) Frequency of inbred lines occurring in the extreme maximum group, including 10% of the materials at the head of the trait ratio values ranked by descending order out of all 13 examined traits. Supplemental Table S3 . Pedigrees and classification of the 356 maize inbred lines. SS, stiff stalk; NSS, non-stiff stalk; Mixed, materials cannot be separated into SS or NSS. Supplemental Table S4 . All significant SNPs identified through a genome-wide association study. LRL, longest root length; TRL, total root length; TRSA, total root surface area; TRT, total number of root tips; TRV, total root volume; RD, root diameter; RF, root forks; RDW, root dry weight; RSR, root-to-shoot ratio; SDW, shoot dry weight; TDW, total dry weight; NVL, number of visible leaves; PH, plant height. Ratio, the ratio of traits under P-deficient and P-sufficient conditions; Combined, combined data from 2 yr; Chr., chromosome; Pos, base position; R 2 , the phenotypic variation explained; GLM + Q, general linear model with Q structure; MLM, mixed linear model with Q structure and kinship.
Supplemental Information
Supplemental Table S5 . Significant SNPs and the associated genes identified for low-P stress tolerance. LRL, longest root length; TRL, total root length; TRSA, total root surface area; TRT, total number of root tips; TRV, total root volume; RD, root diameter; RF, root forks; RDW, root dry weight; RSR, root-to-shoot ratio; SDW, shoot dry weight; TDW, total dry weight; NVL, number of visible leaves; PH, plant height. Ratio, the ratio of traits under P-deficient and P-sufficient conditions; Combined, combined data from 2 yr; GLM + Q, general linear model with Q structure; MLM, mixed linear model with Q structure and kinship; R 2 , the phenotypic variation explained.
Supplemental Table S6 . Haplotype analysis of the candidate gene GRMZM2G009544. Supplemental Table S7 . Key candidate genes identified in this study. Ratio, the ratio of traits under P-deficient and P-sufficient conditions; Combined, combined data from 2 yr; R 2 , the phenotypic variation explained. Supplemental Table S8 . Pearson correlation analysis between traits in studies 2012 and 2016.
Supplemental Fig. S1 . Venn diagram of the genomewide association study results for 2012, 2016, and the combined data.
Supplemental Fig. S2 . Rectangular Manhattan and Q-Q plots of the total number of root tips (TRT). Gray solid lines and green dashed lines represent the critical values of 4 and 5.73 (-log 10 (n -1 ) =5.73, n = 541575), respectively.
Supplemental Fig. S3 . Gene ontology analysis of all significant associated genes. (A) Biological process of gene ontology analysis (only stress-related items are shown here). (B) Percentage of genes with several of the most significant annotations. Singular enrichment analysis (SEA) was chosen as the analysis tool and Maize V3 (Maize-GAMER) was selected as the background. The significance level was FDR < 0.05 and the other parameters were set to the defaults.
Supplemental Fig. S4 . Pearson correlation analysis among traits in the combined data of 2 yr. The top right corner represents the correlations among 13 traits under P-sufficient conditions and the lower left corner represents the correlations among all traits under P-deficient conditions. NA, not calculated. Blank areas indicate that the correlation between two traits was not significant. The color scale represents the correlation coefficient.
